Phenanthrene, C~4H~o, Mr=178"2, m.p. 374K, shows a phase transition around 333-343 K. The structure is ordered at 295 K with a = 8.441 (2), b = 6.140 (1), c = 9.438 (1) A, fl = 97.96 (1) °,
Introduction
Phenanthrene is one of the simple aromatic hydrocarbons which has been intensively studied. The structural phase transition in phenanthrene has been studied by measurement of several physical properties (Kroupa et al., 1988; and references therein) . The structure of the room-temperature phase was determined by Basak (1950) , Trotter (1963) and Kay, Okaya & Cox (1971) . An X-ray powder diffraction study of the phase transition and the structure of the high-temperature phase were reported by Matsumoto & Fukuda (1967) . They suggested the 0108-7681/90/060830-03503.00 same space group for both phases. The present diffraction study is the first attempt to solve and refine the structure of the high-temperature phase and the structure during the phase transition from X-ray diffraction single-crystal data.
Experimental
Colorless transparent monocrystals were grown by the Bridgrnan method. A spherical sample (r = 0"6 mm), prepared by cutting and polishing, was mounted in a Lindeman-glass capillary to decrease sublimation. A Hilger & Watts diffractometer (Mo Ka, Nb filter) controlled by an M7000 computer was used to collect crystal and intensity data at different temperatures. The learnt-profile method (Diamond, 1969; Clegg, 1981) was used to obtain intensities and their e.s.d.'s. The scan speed was varied from 1 to 8 ° min-1, determined from a rapid prescan. The intensities of three standard reflections (411, 132, 005) were measured every 30 reflections. Reflections with I< 1.96o-(/) were classified as unobserved, but were used in the refinement with [Funobsl = -~lFminl and o-(IFunobsl) = [1/(18)l/2]lFn, nl where IFmi, I is the minimum observed value of IF1. The data were corrected for Lorentz and polarization effects. Crystal data and details of the data collection are given in Table 1 .
The sample was heated (cooled) by a nitrogen stream. The temperatures quoted were deduced by measuring the temperature of the nitrogen stream with a thermocouple. Four temperatures 248, 295, 339 and 344K, at which the quenched, room- Data collection (0-20 scans) sinO/~max (.~-~) 0"59463 0"59463 0"59463 0"59463 Min. hkl 0,0, -9 0,0, -11 0,0, -I 1 0,0, -11
Max. hkl 9,7,8 9,7,11 9,7,11 9,7,11 Table 2 . Fractional atomic coordinates and equivalent isotropic thermal parameters (Hamilton, 1959) with e.s.d. 's in parentheses for the room-temperature phase
temperature, intermediate and high-temperature phases occur, respectively, were selected to investigate the structural changes during the phase transition. The intensity of the 102 reflection was the most sensitive to change of temperature during the phase transition [I339K(10~.)= 0"41 x I295K(102), I344K(102) = 0"006 x I295K(10ff.) and I248K(102) = 0"015 x 1295K(10ff-)]. This reflection was monitored as a fourth standard reflection in order to check the stability of these phases. The quenched phase was prepared by rapid quenching (-1 s) from 344 K (the high- 
1-345 (7) C(7}--C(8) 1.352 (8) C(2)--C (11) i.416 (4) C(8}--C(14) 1-412 (4) C(2)---C(3)
1.374 (8) C(9)---C(10) 1.338 (5) C(3)---C(4) 1.375 (4) CO)--C(I 4) 1.425 (7) C(4)---C(12) 1.385 (7) C(10)----C(I 1) 1.419 (7) C(5)----C(6) 1.378 (4) C(11)--C(12) 1.406 (7) C(5)--C (13) 1-399 (7) C(12)--C(13) 1.454 (6) C(6)---C (7) 1.389 (9) C(13)----C(14) 1.415 (7) temperature phase) to 248 K. All characteristic intensities of this phase were much closer to those of the high-temperature phase than to those of the roomtemperature phase. The intensity of the reflection 102 increased slowly during data collection for this phase (37 h) from 1.5 to 6% of/295 K (102) but no correction to intensities was made for this effect.
Structure solution and refinement
Coordinates from Kay et al. (1971) were used as the starting point for our refinement of the roomtemperature phase. All important characteristics and results are summarized in Tables 1-3. The packing of the molecules in the unit cell is illustrated in Fig. 1 a _? Fig. 1 . Projection of the unit-cell contents (along the b axis) of the room-temperature phase. Table 4 . Occupation factors p, angles q~, X, ~b (rotation along a, a x c*, c* respectively) and translation x, y, z of the molecule of phenanthrene
The second molecule is related to the first by an inversion point (0-25, 0, 0) and its occupation factor is 1 -p. phase transition and were practically all unobserved for the highest temperature data (344 K). The intermediate, high-temperature and quenched refinements were carried out under the assumption that the geometry of the molecules remains the same during the phase transition and anisotropic atomic displacement parameters for carbons, three rotation angles (along a, a x c* and c*), three translations of the molecules and the occupancies of these positions were refined. The position of the inversion point was fixed at the position indicated above. Details of these refinements and the results are shown in Tables 1 and 4 . The orientational disorder of the molecules is illustrated in Fig. 2 (1974, Vol. IV) .
Discussion
The phase transition can be described as an orientational disorder with a change of space group from P2~ to P2Ja. Similar disorder is not uncommon in crystals of related compounds (Hanson, 1960; Hazell, Hazel & Larsen, 1986; Prat, 1961; Robertson, Shearer, Sim & Watson, 1962; Welberry, 1973) . The conclusion reached by Matsumoto & Fukuda (1967) II I1 that the space group does not change during the phase transition of phenanthrene does not seem convincing because only one reflection, 102, from the set hOl (h odd) from their powder diffraction data was indexed and this reflection disappeared during measurement. Our mesurements showed a drastic reduction of intensity for these reflections. However, we did not obtain a complete proof of space group P2~/a, i.e. an occupation factor of 0.5, as the temperature could not be raised above 344 K (for full data collection) because of the risk of damage to the sample incurred by melting and/or sublimation. However, a rapid test of reflection 102 at temperatures higher than 344 K resulted in its complete disappearance.
There are many ways to describe the orientational disorder. As the geometry of the molecule is close to local symmetry ram2, we can combine these symmetry elements with the inversion center and use different 'disorder elements'. Although we tried all combinations, such refinements resulted in slightly worse agreement factors.
